Abstract The sustainable utilization of available feedstock materials for preparing valuable compounds holds great promise to revolutionize approaches in organic synthesis. In this regard, the implementation of abundant and inexpensive carbon dioxide (CO 2 ) as a C1 building block has recently attracted considerable attention. Among the different alternatives in CO 2 fixation, the preparation of carboxylic acids, relevant motifs in pharmaceuticals and agrochemicals, is particularly appealing, thus providing a rapid and unconventional entry to building blocks that are typically prepared via waste-producing protocols. While significant advances have been realized, the utilization of simple unsaturated hydrocarbons as coupling partners in carboxylation events is undoubtedly of utmost academic and industrial relevance, as two available feedstock materials can be combined in a catalytic fashion. This review article aims to describe the main achievements on the direct carboxylation of unsaturated hydrocarbons with CO 2 by using cheap and available Ni or Fe catalytic species.
Introduction
The atmospheric concentration of carbon dioxide (CO 2 ) has been dramatically raised in the last decades as result of the industrial development of our society. The ever-growing concentration of CO 2 has led to discussions on how to alleviate the effects of the climatic change [1] . However, CO 2 is an abundant, inexpensive, and renewable feedstock that could be potentially used as a C1 building block for synthesis [2] [3] [4] . Although the implementation of CO 2 fixation in synthetic methods will certainly not reduce its concentration in the atmosphere, it could be transformed into high value-added fine chemicals. In fact, more than 110 megatons of CO 2 are used annually in industry for the synthesis of urea, salicylic acid, and carbonates [1, 5] . However, CO 2 is a highly oxidized and thermodynamically stable gas and, consequently, high activation energies are required for its functionalization [6] [7] [8] [9] [10] .
Carboxylic acids rank amongst the most prevalent backbones in pharmaceuticals and agrochemicals. The main strategies for the synthesis of carboxylic acids are based on the oxidation of primary alcohols and aldehydes, and the hydrolysis of nitriles [11] . However, these methods suffer from the use of harsh conditions, strong oxidants, and/or high temperatures, inevitably resulting in a poor chemoselectivity profile. Alternatively, chemists have designed new routes for preparing carboxylic acids via direct carboxylation of well-defined organometallic species in which CO 2 inserts into a highly energetic metal-carbon bond that forms the corresponding carboxylic acid upon hydrolytic work-up [12] . While a significant step-forward, such a method is not particularly step-economical and requires handling with stoichiometric and, in many instances, air-sensitive organometallic species, thus reinforcing a change in strategy. Although the recent years have witnessed the discovery of a myriad of elegant catalytic reductive carboxylation techniques with organic (pseudo)halides [13] [14] [15] [16] , the utilization of unsaturated hydrocarbon counterparts constitutes an ideal platform in the carboxylation arena, as these motifs can be obtained in bulk from our petrochemical industry, thus representing a formidable and unique opportunity for converting raw materials into valuable products at the industrial level [17] . Additionally, such a scenario would allow for accessing carboxylic acids at a large scale while avoiding the utilization of toxic carbon monoxide [11] .
The direct carboxylation of organic compounds has traditionally been associated with the utilization of Ni complexes, an observation that can be traced back to the seminal work of Aresta and coworkers by the isolation of the first CO 2 complex to a transition metal [Ni(g 2 -CO 2 )(PCy 3 ) 2 ] [18] . In the last three decades, CO 2 fixation into unsaturated hydrocarbons has garnered considerable attention from the scientific community, either using stoichiometric or catalytic amounts of transition metals, reaching remarkable levels of sophistication, efficiency, and applicability. Given the preparative potential of these transformations, we identified the need to review the most prominent advances in this field of expertise. Unlike other reviews for similar means, the purpose of this article is to focus on the most recent advances for preparing carboxylic acid derivatives from unsaturated hydrocarbon backbones using Ni as well as the cheaper and more abundant Fe species in a homogeneous manner, including mechanistic considerations, when appropriate. Therefore, other catalytic CO 2 functionalization processes of paramount importance such as the area of cyclic carbonates [19] [20] [21] , polymer formation, production of methanol or formic acid [22] [23] [24] , electrochemical methods [25] , co-catalyzed carboxylations [26] , carbonylation methods [27] , or reductive carboxylations of organic (pseudo)halides [14-16, 28, 29] , among others, are beyond the scope of this review.
Carboxylation of Alkynes

Stoichiometric Processes
Prompted by the seminal Ni-catalyzed oxidative cyclization work of Inoue for preparing 2-pyrones using CO 2 as coupling partner [30] , Burkhart and Hoberg reported the isolation of an oxanickelacyclopentene (nickelalactone) from the coupling of 2-butyne and CO 2 with Ni(cdt) (cdt = 1,5,6-cyclododecatriene) and N,N,N',N'-tetramethylethylenediamine (TMEDA) [31] . The authors highlighted that the corresponding a,b-unsaturated carboxylic acid can be easily within reach upon simple protonolysis (Scheme 1).
The intermediacy of nickelalactones was further corroborated by theoretical calculations [32] [33] [34] [35] . Specifically, in 2008 Buntine and coworkers modeled the reaction with acetylene and CO 2 [34] , selecting mDBU as a model ligand to mimic the behavior of DBU (DBU = diazabicyclo [5.4 .0]undec-7-ene). The authors found that the reaction proceeds through an associative mechanism, first involving the g 2 -coordination of the alkyne to the nickel(0) complex followed by a direct insertion of CO 2 (Scheme 2). The reaction turned out to be thermodynamically favored, with an activation barrier of 23.9 kcal/mol for the key oxidative cyclization event without going through an Aresta-type complex.
Strikingly, it took more than 15 years until Yamamoto and Saito reported the preparation of nickelalactones with terminal alkynes [36] . In this work, the authors disclosed the stoichiometric carboxylation of terminal alkynes with in situ formed Ni(DBU) 2 , leading to the rapid formation of b-substituted carboxylic acids with high levels of chemo-and regioselectivity (Scheme 3). This reaction could be applied to differently substituted alkynes bearing aromatic, aliphatic or silyl groups with equal ease.
The regioselectivity observed in the oxidative cyclization of monosubstituted alkynes with CO 2 was theoretically rationalized by Buntine (Scheme 4) [34] . The authors observed a markedly different energetic preference for the two possible transition states (TS-I and TS-II), with a lower energy barrier for TS-I leading to I, in which CO 2 insertion takes place distal to the substituent on the alkyne motif. [36] However, nickelalactone II turned out to be thermodynamically favored due to the avoidance of a steric clash of the substituent on the alkyne terminus with the Ni center. The effect of the ancillary ligand was also investigated, with DBU leading to lower activation energies when compared to 2,2 0 -bipyridine (bpy). It was particularly interesting to find out that polar solvents such as DMF lowered down all activation barriers due to the stabilizing effect of DMF on the transition states when compared with commonly employed tetrahydrofuran (THF).
In 2004, the group of Iwasawa reported a similar study for the stoichiometric carboxylation of terminal and unsymmetrical alkynes using a series of bis(amidine)ligands [37] . Interestingly, the nature of the ligand dictated the regioselectivity pattern; while ligands bearing substituents at the methylene carbon generated predominantly cinnamic acids in good yields, less substituted bis(amidine) ligands resulted in a switch of selectivity, leading preferentially to asubstituted carboxylic acids, albeit in lower yields (Scheme 5). Although this transformation still required stoichiometric amounts of nickel, this work represented a formidable step forward for promoting a ligand-controlled regiodivergent carboxylation of alkynes.
Mori and coworkers significantly extended the application profile of the Nimediated carboxylation of alkynes with CO 2 by using organozinc reagents as coupling partners, thus triggering a transmetalation with the in situ-generated nickelalactone, and giving rise to a formal alkylative or arylative carboxylation of terminal alkynes depending on the organozinc reagent utilized [38] . The reaction proceeded under mild conditions and a wide range of organozinc reagents could be used leading to b,b 0 -disubstituted unsaturated carboxylic acids with an excellent regioselectivity profile that goes in line with the hydrocarboxylation procedure reported by Yamamoto and Saito (Scheme 6) [36] . Notably, the authors found that heterocyclic structures were within reach by appropriately locating a tethered heteroatom on the side-chain, thus setting the stage for an intramolecular Michael addition [39, 40] . The nickel(0)-promoted carboxylation of alkoxy acetylenes has been recently developed by the group of Sato and Saito [41] . The authors predicted that the electron-donating properties of an ether substituent could dictate the regioselectivity profile when forming the intermediate nickelalactone, thus leading to a CO 2 insertion onto the most nucleophilic carbon. As shown in Scheme 7, this turned out to be the case. Such an outcome is noteworthy as an opposite selectivity pattern was observed by Yamamoto and Saito, in which CO 2 insertion occurred at the less sterically congested carbon. The applicability of this transformation was further corroborated by a subsequent Rh-catalyzed asymmetric hydrogenation, affording enantioenriched b-aryloxypropionic acid derivatives.
Catalytic Carboxylation of Alkynes
The first metal-catalyzed carboxylation of alkynes with CO 2 was reported 3 years before the isolation of nickelalactones by Hoberg [31] . Specifically, in 1977 Inoue described the carboxylation of alkynes with CO 2 leading to the formation of
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Scheme 7 Ni(0)-promoted regioselective carboxylation of alkoxy acetylenes [41] 2-pyrones. The utilization of terminal acetylenes such as 1-hexyne in combination with a bidentate phosphine afforded the corresponding 2-pyrone in low yields, together with inevitable trimerization side products (Scheme 8) [30] . As expected, the parasitic trimerization could be avoided when using internal alkynes, affording high yields of the tetrasubstituted-2-pyrones [42, 43] . Further improvements in reactivity and selectivity were achieved by Walther [44] and Saegusa [45, 46] , revealing a non-negligible effect on the nature of the ligand utilized in order to obtain the targeted 2-pyrones with high yields and selectivities. Inoue tentatively proposed a mechanism based on the intermediacy of a nickelacyclopentadiene formed via oxidative cyclization of two alkyne moieties. Subsequent CO 2 insertion into the Ni-C bond or an alternative [4 ? 2] cycloaddition were proposed as conceivable pathways towards the corresponding 2-pyrones. Few years later, Hoberg's stoichiometric studies unambiguously revealed that this reaction proceeds via oxidative cyclization of an alkyne, CO 2 and Ni(0), thus forming the corresponding nickelalactone that would ultimately insert a second alkyne molecule to afford 2-pyrones upon final reductive elimination [45] [46] [47] . A comprehensive review on the use of the oxidative cyclization techniques starting from alkynes and CO 2 was nicely reported by Mori [48] .
Reductive Carboxylation of Alkynes
Prompted by their previous work on the Ni-mediated carboxylation of disubstituted alkynes [38] (Scheme 6), Mori reported the Ni-catalyzed synthesis of a-silyl-b,b 0 -dialkyl a,b-unsaturated carboxylic acids from silyl-substituted alkynes in presence of zinc reagents and an excess of DBU (Scheme 9). Although the reaction affords tetrasubstituted alkenes with a high regioselectivity and good yields, the methodology was unfortunately limited to Me 2 Zn, Bu 2 Zn, Ph 2 Zn or Bn 2 Zn as reagents [49, 50] . The regioselectivity was explained by the preferential formation of A in which the Ni center is located distal to the silyl group, an issue that can be interpreted on the basis of both electronic as well as steric effects [51] . Such a finding was further corroborated in subsequent theoretical calculations in which A was favored both from a kinetic and thermodynamic standpoint [34] . Not surprisingly, a selectivity switch was observed for alkynes not possessing a silyl group, such as tert-butyl or aromatic motifs. The synthetic utility of this methodology was showcased on a short total synthesis of tamoxifen, an antiestrogenic anticancer drug, in 36 % overall yield from p-iodophenol, using a Ni-catalyzed carboxylation of a phenyl-substituted acetylene with CO 2 and Ph 2 Zn as the key step [50] . The double carboxylation of alkynes to afford maleic anhydrides using Ni precatalysts, Zn as reducing agent and MgBr 2 as additive, has recently been developed by Tsuji and Fujihara (Scheme 10) [52] . Based on stoichiometric and DFT studies, the authors proposed a catalytic cycle consisting of the initial formation of Hoberg's nickelalactone, followed by one-electron reduction with Zn in the presence of MgBr 2 to generate B. A second CO 2 insertion into the Ni-C bond is mediated by the coordination of an MgBr ? fragment to both CO 2 and the carboxylate moiety. Finally, one-electron reduction by Zn affords the dicarboxylated species that ultimately are converted into the corresponding maleic anhydride while recovering back the active propagating Ni(0) species. 
Catalytic Hydrocarboxylation of Alkynes
In 2011, the group of Ma described a nickel-catalyzed hydrocarboxylation of alkynes using Ni(cod) 2 and diethylzinc as reducing agent (Scheme 11) [53] . The reaction turned out to be highly regio-and stereoselective, thus accessing synhydrocarboxylated products at 1-3 mol % catalyst loadings. Although they employed stoichiometric amounts of cesium fluoride (CsF), no additional ligand was required, no doubt a formidable bonus when compared with other carboxylation techniques. While the mechanism remains speculative, the authors favored a transmetalation/b-hydride elimination pathway, resulting in an alkenyl zinc derivative that ultimately reacts with CO 2 to deliver the targeted carboxylic acid. Notably, CO 2 insertion typically occurs adjacent to the aromatic site in unsymmetrically substituted alkynes or in close proximity to a directing group such as Ntosyl motifs. It is worth noting that an otherwise related work was independently described by Tsuji using Cu catalysts in combination with organosilanes as reducing agents [54] . Later on, Ma and coworkers reported an otherwise related hydrocarboxylation and methyl-carboxylation technique of homopropargylic alcohols in which the pending alcohol directs the carboxylation en route to a-alkylidene-cbutyrolactones [55, 56] .
More recently, Martin and coworkers described a novel Ni-catalyzed regioselective hydrocarboxylation of alkynes that obviates the need for stoichiometric and air-sensitive organometallic species by using simple alcohols as proton sources (Scheme 12) [57] . Importantly, such a transformation was distinguished by an intriguing regioselectivity profile in which CO 2 insertion took place exclusively distal to the aromatic site, regardless of whether a directing group was present or not, and independently on the substitution pattern on the alkyne terminus, an observation that demonstrates the complementarity of this method when compared with other protocols using metal hydrides [58] . The origin of the regioselectivity profile was attributed to the intermediacy of two nickelalactones that were in equilibrium upon CO 2 extrusion followed by a preferential binding of the alcohol motif to the Ni(II) center in C, thus avoiding the clash with the bulkier aliphatic backbone. A subsequent two-electron reduction mediated by Mn recovers back the Ni(0)L n species while delivering a manganese carboxylate that upon hydrolytic workup results in the expected acrylic acid. Notably, the mild reaction conditions as well as the absence of highly nucleophilic organometallic reagents allowed for an excellent chemoselectivity profile, as functional groups such as nitriles, amides, aldehydes or alkenes, among others, were perfectly tolerated.
Although beyond the scope of this review, it is worth mentioning that a recent report by Fu has demonstrated that a Ni-catalyzed hydrocarboxylation of alkynes can be conducted using formic acid and a catalytic amount of anhydride via the in situ generation of carbon monoxide [59] . Likewise, a remarkable cocatalyzed carboxyzincation of alkynes has recently been reported by Tsuji and Fujihara, allowing for preparing highly functionalized acrylic acids, even in a multicomponent fashion, and under mild reaction conditions [26] .
Carboxylation of Alkenes
Stoichiometric Processes Involving Alkenes
In 1982, pioneering studies by Hoberg et al. showed that electron-rich Ni(0) species were able to promote the oxidative cyclization of olefins and CO 2 in an analogous manner to that shown previously for alkyne backbones [60, 61] . These processes gave rise to nickelalactones that were isolated and characterized with ethylene in the presence of bipyridine or bisphosphine ligands (Scheme 13) [61] . Protonolysis of 
50% (L1) 85% (L2)
Scheme 13 Ni-mediated oxidative cyclization of ethylene and CO 2 en route to propionic acid [61] these complexes led to the formation of the corresponding propionic acid in good yields, thus constituting a direct method to carboxylate alkenes in the presence of nickel complexes.
Prompted by this seminal work, efforts were subsequently focused on unraveling the fundamental features of the Ni-mediated oxidative cyclization of alkenes and CO 2 in terms of regioselectivity and reaction mechanism. The regioselectivity of the corresponding five-membered metallacycles depends on the nature of the ligand, alkene, and temperature. As shown in Scheme 13, both bipyridine and bisphosphine ligands can be equally used to prepare the corresponding nickelalactone. However, the formation of the five-membered metallacycle with mono-and 1,2-disubstituted alkenes is more efficient with electron-rich imines DBU [62] and L1 [61] . Attempts to prepare a nickelalactone with aliphatic monosubstituted alkenes and Ni/L2 systems resulted in the disproportionation of CO 2 while forming CO and [Ni(bpy)CO 3 ] [61] . Interestingly, the electronic and steric nature of the alkene strongly determines product distribution in the cyclization process. Specifically, nickelalactones derived from styrene derivatives prefer to adopt a configuration in which the aryl substituent is located adjacent to the Ni center, due to a better stabilization of the Ni-C bond (Scheme 14, equation a). In this manner, the corresponding linear carboxylic acid is obtained as the major product after a final protonolysis event. In contrast, the regioselectivity with aliphatic a-olefins (monosubstituted alkenes) is dictated by steric effects, and the most stable metallacycle contains the Ni center coordinated to a primary carbon atom (Scheme 14, equation b). Accordingly, the corresponding a-branched carboxylic acid is formed predominantly after protonolysis. It is worth mentioning that the regioselectivity in the oxidative cyclization with olefins differs from that shown with alkyne counterparts (Scheme 3). Interestingly, the reaction temperature heavily influenced the product distribution in the presence of aliphatic substituents. While a 4:1 ratio favoring the a-branched carboxylic acid was found at room temperature, a negligible amount of linear carboxylic acid was observed at higher temperatures (25:1 ratio). This observation suggested that the two possible nickelalactones likely coexist in equilibrium upon CO 2 extrusion when using bidentate phosphine ligands, an observation that was univocally corroborated with further experimentation with olefin crossover experiments [47] . The design of new ligands led to a further improvement of the regioselectivity in the cyclization with aliphatic olefins. Particularly, pyridyl-phosphine ligands (P,N ligands) with different electronic and steric properties afforded a strict control of the position of the substituents in the nickelalactone [63, 64] . These ligands possess a push-pull character consisting of a mixture of electron-donating phosphine moieties with p-acidic pyridine fragments, which strongly stabilize the formation of the metallacycle, thus making the oxidative cyclization step irreversible. More recently, the formation of nickelalactones and subsequent protonolysis to give the corresponding saturated carboxylic acids could be achieved with activated trisubstituted olefins [65, 66] . In this case, methylenecyclopropanes led to the corresponding cyclopropanecarboxylic acids in the presence of stoichiometric amounts of Ni(0) species. The selectivity towards the formation of the carboxylic acid respect to the propene ring-opened product was dictated by the nature of ligand and solvent utilized.
Surprisingly, scarce mechanistic studies have been reported on the coupling of alkenes and CO 2 in the presence of Ni(0) species. Experimentally, a pathway consisting of an oxidative cyclization from an Aresta-type CO 2 -coordinated Ni(0) complex [18] and an external alkene was ruled out, as the substitution of CO 2 by the olefin was rapidly observed [67, 68] . This was also corroborated by the fact that nickelalactones decomposed at high temperatures to give the corresponding Ni(0)-olefin complexes by extrusion of CO 2 [47] . Interestingly, a more recent computational study shed light on the mode of operation of the oxidative cyclization reaction of ethylene and CO 2 with both Ni/L1 and Ni/L2 systems [69] . Two fundamental aspects were explored: (1) the possible intermediacy of a Ni(0)-CO 2 complex in the oxidative coupling process and (2) the nature of the transition state in the C-C bond forming step. At the given level of theory, the DFT model could validate the experimental observation that in the Aresta-type complex, the CO 2 ligand is substituted by ethylene in a process energetically favored by 1.4 kcal/mol with a negligible activation barrier. Therefore, an Aresta-type complex is not likely to be an intermediate in the oxidative coupling process. Additionally, Papai found that Hoberg's suggested 18-electron intermediate [Ni(L2)(C 2 H 4 )(CO 2 )] [47, 61] should be rather unstable as it would exothermically dissociate CO 2 with a negligible activation barrier of 0.8 kcal/mol. As in the case of alkynes, this indicates that the C-C bond forming step does not involve the simultaneous coordination of the unsaturated hydrocarbon and CO 2 to Ni(0). Furthermore, although the optimization of a transition state was not possible, calculations delivered a local maximum stationary point via the analysis of the intrinsic reaction coordinate (IRC). This revealed that the formation of the C-C bond would likely involve a single step in which the nickelalactone is formed from the ethylene-coordinated intermediate with an incoming molecule of CO 2 (Scheme 15, a). Therefore, it seems that the simultaneous coordination of both CO 2 and C 2 H 4 is not indispensable for the formation of the nickelalactone. Calculations pointed towards a similar reaction pathway for L1 and other modified bipyridines and bidentante phosphines, even though with different energetic profiles. Further theoretical studies were carried with other different ligands, leading to similar conclusions [70] . Interestingly, in 2014, Limbach et al. theoretically proposed two different modes of addition of CO 2 into the Ni(0) ethylene intermediates with bidentate phosphine ligands, consisting of an inner sphere and outer sphere mechanism (Scheme 15, b) [71] . In the former, the insertion is believed to occur in a single concerted step, as previously reported by the group of Papai. However, the direct attack of CO 2 to the coordinated ethylene without earlier interaction with the Ni center (outer sphere pathway) was suggested to be energetically more viable in polar solvents (THF) and with bulky ligands such as 1,2-bis(ditert-butylphosphino)ethane (L3).
Although saturated aliphatic carboxylic acids were within reach from the corresponding nickelalactones, stoichiometric functionalizations of these metallacycles should in principle not be limited to protonolysis events. In 1986, Hoberg disclosed that the thermal decomposition of the DBU-containing nickelacycle derived from the oxidative coupling of styrene and CO 2 led to the formation of cinnamic acid (Scheme 16) [62] . The rationale behind this result was interpreted on the basis of a b-hydride elimination from the corresponding nickelalactone, leading to a Ni(II)-hydride that adds into the C=N double bond of the DBU ligand, affording the corresponding unsaturated carboxylic acid after hydrolysis (Scheme 16 singular discovery opened up new vistas for preparing industrially attractive acrylate derivatives from CO 2 and simple olefins. This rather intriguing reactivity could be turned into a strategic advantage by implementing tandem processes involving the insertion of unsaturated molecules prior to the b-hydride elimination step. In this manner, a variety of carboxylic acids of different nature were prepared in a stoichiometric manner (Scheme 17) [72] .
While the cycloaddition of alkenes and CO 2 has primarily been conducted with Ni(0) complexes, it is worth mentioning that similar reactivity has been observed with Fe(0) species, forming five-membered metallalactones in the presence of CO 2 and ethylene [73] . However, the corresponding oxaferracyclopentanones are rather unstable and their isolation could not be unambiguously confirmed, certainly a serious limitation when compared with their Ni analogues (Scheme 18). In sharp contrast to their nickelalactone congeners, the oxaferracyclopentanones did not result in monocarboxylic acids upon simple protonolysis, but rather in structures bearing two carboxylic acids. Notably, the formation of linear or a-branched products was strongly dependent on the bulkiness of the phosphine ligand utilized. For example, while linear bis-carboxylic acids were obtained when operating under a PMe 3 regime, a protocol based upon L1 resulted in a b-hydride elimination/ migratory insertion scenario, leading to the branched product after a final CO 2 insertion. 
Catalytic Carboxylation of Olefins with CO 2
Despite the elegant stoichiometric studies reported in the 80s and 90s, the catalytic preparation of carboxylic acids via the coupling of alkenes and CO 2 still remains challenging. This is likely attributed to the intrinsic inertness of CO 2 , making the reaction energetically endergonic and kinetically disfavored [74] . Although this issue has been partially overcome with the activation of both counterparts in oxidative cyclization pathways mediated by selected metals (Ni, Fe, Co), the corresponding metallacycles are remarkably stable, hence preventing the implementation of a catalytic process. Since the first report of nickelalactones, the vast majority of research has been conducted with the aim of enabling a catalytic carboxylation of olefinic counterparts. At present, two main strategies have been reported: (1) the preparation of saturated carboxylic acids via formal hydrocarboxylation of an olefin with CO 2 , and (2) the synthesis of acrylate derivatives via bhydride elimination of in situ generated nickelelactone intermediates.
Catalytic Reductive Carboxylation of Alkenes with CO 2
Although this review is focused on carboxylation processes involving Ni and Fe complexes, it is worth mentioning that the first report dealing with a catalytic hydrocarboxylation of alkenes was reported in 1978 by Lapidus et al. [75] . The reaction involved homogeneous and heterogeneous Rh and Pd catalysts, which were capable to carboxylate ethylene with CO 2 under high pressure and temperature (700 atm and 180°C) in the presence of mineral acids. Under these conditions a 38 % yield of propionic acid could be obtained along with ethanol and ethyl propionate as main byproducts. Unfortunately, the authors did not explicitly indicate the catalyst loading utilized, thus leading to a reasonable ambiguity regarding the turnover numbers of this transformation. Apart from this isolated example, a rather limited number of methodologies have been shown to effectively carboxylate olefins with the direct participation of CO 2 in a reductive manner. In 2008, Rovis reported an elegant Ni-catalyzed direct hydrocarboxylation of styrenes to afford the corresponding a-methyl arylacetic acids in a highly regioselective manner [76] . The reaction proceeded at room temperature in the presence of Ni(II) and Ni(0) precatalysts and using ZnEt 2 as a formal reducing agent (Scheme 19). A variety of electron-neutral and deficient styrenes with different substituent at the aryl moiety including ethers, ester, and ketones could be carboxylated in moderate to good yields. Under these conditions, electron-rich or b-substituted styrenes, as well as aliphatic a-olefins showed to be almost completely unreactive, thus showing the inherent limitations of this protocol.
Taking into consideration the experimental results, the authors proposed a mechanistic scenario not consisting of the intermediacy of nickelalactones. Specifically, the authors proposed the participation of Ni(II) hydride species, which promote a rapid migratory insertion into the styrene backbone giving rise to a benzyl nickel intermediate. Direct carboxylation of the latter with CO 2 leads to the formation of the corresponding a-branched carboxylate nickel complex (Scheme 20, path a). Catalytic turnover might be affected upon treatment with Et 2 Zn via b-hydride elimination or via transmetalation of the benzyl nickel species with Et 2 Zn. This possibility was supported by deuterium incorporation at the benzylic position on the reduced product when quenching the reaction with D 2 O at short reaction times.
Recently, the mechanism of this transformation has been studied in detail from a theoretical standpoint. Lin and Yuan compared the energetic profile of the carboxylation reaction via nickelalactone formation and Rovis' suggested nickel hydride intermediates (Scheme 20, path b) [77] . The in silico study revealed that the generation of a nickelalactone intermediate correlated to a thermodynamic sink, avoiding catalytic turnover. The involvement of nickel hydride species was slightly more favorable energetically, with a significantly lower energetic difference for electron-rich substrates, an observation that could explain their lack of reactivity. As for the nickel hydride pathway, theoretical calculations revealed that ZnEt 2 act with dual roles, both as a hydride donor by forming ethyl-Ni(II) intermediate that evolves into the catalytically active nickel hydrides upon b-hydride elimination, as well as a Lewis acid for activating CO 2 and therefore facilitating its coordination to the Ni center. In contrast to Rovis' proposal, theoretical calculations point at the formation of the corresponding carboxylic acid via reductive elimination of a CO 2 - [76] coordinated carboxylate benzyl nickel(II) species. Interestingly, the regioselectivity in the hydrometalation step was studied, revealing that the formation of nickel benzyl species is favored by 4 kcal/mol when compared to the corresponding phenylethyl derivatives.
Prompted by the seminal work of Rovis on the Ni-carboxylation of styrenes [76] as well as by the work of Hayashi and Shirakawa on the Fe-and Cu-catalyzed hydromagnesiation of terminal alkenes [78] , Thomas reported the preparation of amethyl arylacetic acids in the presence of cheap and bench-stable iron/bis(imino)-pyridine catalyst and Grignard reagents at room temperature (Scheme 21). [79] Unlike the Rovis protocol, this reaction turned out to be particularly efficient for styrene derivatives bearing electron-donating groups. However, the reactivity achieved did not seem to be exclusively dictated by electronic mesomeric factors, as 3-methoxystyrene (electron-poor substrate according to its known -I inductive effect of methoxy groups at the meta position: r meta = ?0.12) smoothly afforded the corresponding phenyl acetic acid. Unfortunately, the highly reactive nature of Grignard reagents made this methodology incompatible with the use of ketones, esters and other sensitive functional groups. Additionally, non-negligible amounts of the corresponding linear carboxylic acids were observed in certain cases, resulting in a selectivity switch when using cyclopentylmagnesium bromide (Cp'MgBr) as reducing agent and ortho-substituted styrenes as substrates. Unfortunately, and in line with Rovis' protocol [76] , substitution at the a or b positions of the styrene backbone was not tolerated.
Quenching experiments with deuterated solvents revealed deuterium incorporation at the benzylic position, thus pointing towards the formation of iron hydride intermediates that trigger an initial migratory insertion into the styrene motif followed by transmetalation with the Grignard reagent. The corresponding in situ generated benzylmagnesium bromide derivatives would then react rapidly with CO 2 to afford a magnesium carboxylate that upon acidic workup would generate the targeted phenyl acetic acid. In order to unravel the origin of the branched/linear selectivity, the authors tested the reactivity of phenylethylmagnesium bromide under the reaction conditions. In the presence of the iron catalyst, the linear acid was predominantly formed, suggesting that the b-hydride elimination/hydrometalation sequence is faster than the isomerization of the iron intermediate to produce the abranched product. Although beyond the scope of this review, it is worth mentioning that a number of elegant hydroxycarbonylation processes have been reported in which CO 2 conveniently serves as a surrogate of toxic carbon monoxide (CO) [80] . These processes make use of the so-called water-gas shift reaction (WGSR) using CO/H 2 O and CO 2 / H 2 pairs [81] . A few number of reductive carboxylation of olefins following a reverse water-gas shift reaction (rWGSR) principle has been achieved, especially in the presence of Rh [82] . Recently, the hydroxycarbonylation of styrenes and aliphatic olefins has been addressed by in situ generation of CO from CO 2 and MeOH, using Ni [83] and Ru catalysts [84] . However, these techniques still suffer from the use of harsh conditions, high temperatures, and pressures, as well as moderate branched/linear selectivities with aliphatic monosubstituted alkenes.
Carboxylation of Ethylene with CO 2 En Route to Acrylate Derivatives
The direct conversion of alkenes and CO 2 into the corresponding a,b-unsaturated carboxylic acids has been a major research topic in both academic and industrial laboratories [85] . Such interest is primarily associated to the possibility of transforming cheap and abundant chemical feedstocks such as ethylene and CO 2 into acrylate derivatives, which rank amongst one of the most versatile building blocks used in chemical industry. After more than 30 years of intense research, however, this transformation is still considered one of the main challenges in modern synthetic chemistry [86] .
Prompted by the observation that nickelalactones can readily be formed from ethylene and CO 2 in the presence of a Ni(0)L n complex, a reasonable pathway for the catalytic production of acrylates consists of a subsequent b-hydride elimination leading to carboxylate nickel hydride species that would deliver the corresponding acrylic acid after reductive elimination and ligand exchange with ethylene [87] and (3) only a few number of ligands with specific features are able to efficiently promote the oxidative cyclization step en route to the key nickelalactone intermediates. Not surprisingly, the vast majority of efforts conducted in this field of expertise have been focused on adjusting the kinetics of the b-hydride elimination step.
Walther systematically studied the behavior of a number of bidentate phosphine ligands in the formation of acrylate derivatives from five-membered nickelalactone intermediates [88] . Specifically, bisdiphenylphosphine ligands with aliphatic bridges of different lengths were found to be particularly efficient for promoting the targeted reaction (Scheme 23). While the reaction of the TMEDA-containing nickelalactone with 1,2-bis(diphenylphosphino)ethane (dppe) cleanly gave rise to the corresponding nickelalactone, an intriguing reductive decomposition efficiently occurred with 1,3-bis(diphenylphosphino)propane (dppp) and 1,4-bis(diphenylphosphino)butane (dppb), thus forming the corresponding 18-electron Ni(0)L 2 complex. Interestingly, the utilization of a more labile ligand such as bis(diphenylphosphino)methane (dppm) resulted in the formation of a stable Ni(I)-Ni(I) dimer containing an acrylate ligand, thus demonstrating the viability for performing a bhydride elimination.
Encouraged by these results, DFT calculations were performed to study the viability of a catalytic preparation of acrylates from ethylene and CO 2 , revealing a rate-determining b-hydride elimination pathway [87] . Interestingly, a distortioninteraction analysis showed a tremendous energetic cost associated with the difficulty of the system to adopt a conformation that could allow a Ni-H agostic interaction, which is crucial for the success of the b-hydride elimination step. Therefore, a Ni-O bond elongation in the nickelalactone intermediate was predicted to facilitate this step by considerably reducing the ring strain. This crucial information was taken by Rieger, who based their strategy on breaking the Ni-O bond in the nickelalactone intermediate to promote the b-hydride elimination process via in situ alkylation of the carboxylate moiety [89] . When treating the corresponding dppp-nickelalactone with methyl iodide, a 33 % yield of the methyl acrylate could be detected. IR and NMR monitoring experiments showed the cleavage of the Ni-O bond during the reaction and the formation of methyl acrylate. This was further corroborated by the detection of methyl acrylate after the reaction of methyl 3-iodopropionate with the Ni/dppp system, which gives rise to the same intermediate. Based on these results, Kühn anticipated that the reaction with methyl iodide should be ligand-dependent [90] ; as expected, this turned out to be the case and the ligand utilized exerted a tremendous influence on the formation of methyl acrylate. Among these, TMEDA proved to be superior than dppp and dppe; interestingly, no reaction was observed when exposing nickelalactones bearing dppb or pyridine-containing ligands. Although the corresponding alkyl Ni(II) iodide intermediate formed upon treatment with MeI could be detected by both FT-IR or NMR spectroscopy, its isolation proved to be particularly recalcitrant (Scheme 24). Importantly, DFT calculations revealed that the rate-determining step corresponded to the addition of methyl iodide. In line with this notion, the authors found that the inclusion of methyl triflate (MeOTf) significantly enhanced the rate of the reaction [91] . Unlike the use of methyl iodide, the reaction of MeOTf turned out to be particularly efficient with dppe, dppp, or even dppb, whereas the employment of TMEDA failed to provide the targeted methyl acrylate. While counterintuitive, this observation could be turned into a strategic advantage, as the corresponding alkyl Ni(II) triflate intermediate could be isolated and characterized. Limbach and Hofmann reported a comprehensive theoretical study on the mechanism of the nickel-mediated synthesis of methyl acrylate from ethylene, CO 2 and methyl iodide [92] . DFT calculations revealed an SN 2 -type mechanism for the alkylation of the carboxylate ligand, which explain the experimental observations gathered by the groups of Rieger and Kühn. Subsequently, Bernskoetter described the ring-opening of the nickelalactone intermediates by coordination of the carboxylate fragment with Lewis acids [93] . Thus, the reaction of the dppf Scheme 24 Nickelalactone ring opening triggered by methyl electrophiles [90, 91] (c-nickelalactone), in which the Lewis acid is coordinated to the carboxylate fragment, ultimately leading to a four-membered nickelacycle via b-hydride elimination and subsequent migratory insertion (Scheme 25). The latter species underwent formation of acrylate Ni(0) p-complexes upon addition of a base such as BTPP [tert-butyliminotri(pyrrolidino)phosphorane] or DBU. The enhanced selectivity towards the b-hydride elimination against unproductive pathways in the presence of a base was also studied from a theoretical standpoint [92, 94] . Later, the same group demonstrated that the c-to-b isomerization of nickelalactones could be also achieved with NaBAr 4 f , [95] in which the Na ? cations were able to lower down the barrier for b-hydride elimination as well as the energy of other putative reaction intermediates.
With all the knowledge acquired from the stoichiometric experiments, Limbach et al. attempted the development of a catalytic carboxylation of ethylene with CO 2 using dtbpe [1,2-bis(ditertbutylphosphino)ethane] as the ligand [96] . The authors showed that exposure of dtbpe nickelalactone to either sodium tert-butoxide (NatOBu) or sodium hexamethyldisilazide (NaHMDS) resulted in the formation of the acrylate Ni(0) complex via b-hydride elimination (90 and 87 % yield, respectively). Interestingly, while ligand exchange of the acrylate Ni(0) complex with ethylene occurred effectively at high pressure of ethylene (8-30 bar), thus releasing sodium acrylate, no ligand exchange was observed with acrylic acid. These experiments demonstrated the feasibility of preparing acrylate derivatives from ethylene and CO 2 (Scheme 26).
Although Limbach demonstrated the feasibility of all elementary steps within the catalytic cycle, the implementation of a fully integrated catalytic process was far from trivial. Indeed, while nickelalactone formation had to be prepared under a high pressure of CO 2 , the b-hydride elimination and ligand exchange needed to be conducted in the absence of CO 2 to avoid the formation of carbonic acid half-esters. Still, the authors developed an iterative regime at high and low pressure of CO 2 that allowed reaching ten catalytic turnovers, thus constituting the first catalytic reaction of CO 2 and ethylene to prepare acrylate derivatives. Recently, Schaub et al. discovered that formation of carbonic acid half-esters could be avoided by increasing the temperature up to 145°C, successfully obtaining catalytic turnover Ni
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for the non-iterative carboxylation process [97] . In 2014, Pidko exhaustively studied this catalytic transformation in the presence of different bidentate phosphine ligands using DFT calculations [70] . Although this study confirmed the important role of the ligand on nickelalactone formation, there was a marginal electronic, geometric, or steric effect of the ligand on the catalytic activity. In line with the experiments performed by Limbach, it was found that the energy barrier for b-hydride elimination was particularly low when employing NaOMe, due to a fast deprotonation and an increased stabilization of the putative intermediates by the presence of Na ? . Undoubtedly, the need for an iterative technique at high and low pressure of CO 2 , together with the requirement for strong nucleophilic bases, represented an important drawback to be overcome when designing a catalytic production of sodium acrylate from ethylene. The authors found a subtle balance of nucleophilicity and basicity when dealing with sodium 2-fluorophenoxide as the base, efficiently promoting the formation of the acrylate Ni(0) complex via deprotonation of the corresponding nickelalactone in the presence of CO 2 [98] . This result enabled the design of a one-pot catalytic carboxylation of ethylene, styrenes and 1,3-dienes with electron-rich bidentate phosphine ligands. Fine-tuning of the reaction conditions (ligand, Ni catalyst, and additives) led to the development of a highly active catalytic procedure, able to promote the carboxylation of ethylene to more than 100 turnover numbers (TON) (Scheme 27). Notably, styrene displayed moderate reactivity (12 TONs) whereas the inclusion of electron-withdrawing or electrondonating groups resulted in lower TONs. Interestingly, (E)-configured acrylic acids were obtained in all cases analyzed.
Recently, Schaub has experimentally investigated the mechanism of this transformation and expanded the scope of this reaction to 1,3-dienes [99] . Simultaneously, Vogt reported a different strategy to achieve the catalytic formation of acrylate derivatives from CO 2 and ethylene. The authors tackled the critical ring opening of nickelalactone derivatives with the utilization of a hard Lewis acid that [96] could compete with the Ni center for binding the carboxylate moiety. Specifically, the authors could enable the b-hydride elimination event by adding lithium iodide and triethylamine as base [100] . Furthermore, DFT calculations predicted an improved behavior of Li ? compared to Na ? when promoting the ring opening of the nickelalactone followed by b-hydride elimination. A series of experiments led to the optimal conditions for the carboxylation of ethylene using a regime based on Ni(cod) 2 , dcpp [1,3-bis(dicyclohexylphosphino)propane] as ligand, LiI, triethylamine, and Zn, forming lithium acrylate in chlorobenzene at 50°C with a TON of 21. The presence of overstoichiometric amounts of Zn was indispensable to avoid catalyst deactivation by converting [Ni(dcpp)I 2 ] to the corresponding propagating active Ni(0) species. More recently, Schaub has further improved the catalytic preparation of acrylates avoiding the use of stoichiometric Zn [101] , thus univocally demonstrating that this technology is still at its infancy for producing industrially relevant acrylic acid from ethylene and CO 2 [102] .
Carboxylation of Multiple Unsaturated Systems
Allenes
Stoichiometric Reactions Using Allenes
In 1984, Hoberg reported the first Ni(0)-mediated carboxylation of allenes with CO 2 (Scheme 28) [103] . Interestingly, the reaction turned out to be highly regio-and stereoselective, as illustrated by the fact that a wide variety of compounds were obtained as single products. Specifically, it was found that the reaction proceeds via the formation of the less-hindered nickelalactone and that the corresponding E-isomer was formed preferentially. Subsequently, Mori reported that DBU could efficiently be used for an otherwise identical transformation [104] . Interestingly, the utilization of 1-silyl-3-alkyl-substituted allenes turned out to be highly advantageous, obtaining high yields of the targeted products and with an excellent regioselectivity profile Top Curr Chem (Z) (2016) 374: 45 Page 23 of 38 45 [105] . In 2004, the Iwasawa group disclosed the use of bidentate bis-amidine ligands in the Ni-mediated carboxylation of allenes, obtaining regioisomeric mixtures of the targeted carboxylic acids, an issue that can be tentatively attributed to the in situ formation of two regioisomeric nickelalactones [37] . The Mori group demonstrated the viability of trapping the intermediate nickelalactone deriving from an allene, Ni(0) and CO 2 with electrophiles other than a proton source. Specifically, it was found that lactones possessing an exocyclic double bond are within reach upon treatment with aldehydes and a final acidic workup with pyridinium p-toluenesulfonate (PPTS) (Scheme 29) [104] . Interestingly, the regioselectivity observed differs from that shown in the absence of ArCHO upon simple acidic workup, suggesting that the selectivity switch depends predominantly on the electrophile utilized. With all the experimental results in hand, the authors proposed that the observed regioselectivity could be dictated by two alternate pathways dealing with the intermediacy of p-allyl [103] of conducting an otherwise related transformation, but in an intramolecular fashion [106] . In 2007, Iwasawa reported an interesting oxidative cleavage of the nickelalactone intermediates utilizing oxygen as oxidizing agent (Scheme 30) [107] . Unlike previous carboxylation of allene intermediates, the reaction resulted in regioisomeric mixtures of allylic alcohols, with a slight preference for the corresponding secondary alcohol. The authors rationalized these results via the involvement of a pallyl Ni(II)-intermediate, although it was not possible to rule out an alternative based on the formation of regioisomeric r-complexes.
Catalytic Processes Involving Allenes as Substrates
Unlike the wealth of literature data on stoichiometric reactions of allenes with CO 2 , a limited number of Ni-catalyzed protocols have been reported. Prompted by the seminal electrochemical method reported by Duñach [108] , Mori and Sato described a Ni-catalyzed carboxylation of 1-silyl-3-alkyl-substituted allenes using Me 2 Zn (Scheme 31) [109] . Interestingly, the transformation occurred with a neat incorporation of two molecules of CO 2 into the allene backbone, producing a single regioisomer and with high yields. The observed regioselectivity was in agreement with the initial stoichiometric studies reported by Mori when dealing with silanes [105] and carbonyl-type electrophiles [104] , via the intermediacy of p-allyl intermediates. It was believed that the inclusion of Me 2 Zn triggered a transmetalation event of in situ generated nickelalactone, thus forming a nucleophilic allyl Ni(II)-methyl species that trigger a subsequent carboxylation event instead of a reductive elimination event.
Dienes and Related Unsaturated Systems
Stoichiometric Studies
In 1982, Walther disclosed a stoichiometric carboxylation of 2,3-dimethyl butadiene using Ni(0) with TMEDA as ligand (Scheme 32) [110, 111] . The authors isolated and fully characterized by X-ray crystallography a p-allyl complex that formally consisted of a 1:1:1 adduct of a butadiene derivative, Ni-TMEDA, and CO 2 . Stoichiometric studies revealed that these species could be converted into the targeted carboxylic acids by either treatment with aqueous H 2 SO 4 or MeI. In the latter case, a formal homologation of the 1,3-diene backbone was achieved, an observation that is consistent with a nucleophilic attack of the more basic C-Ni bond to MeI. In parallel to these investigations, Hoberg studied a very similar process using butadiene as model substrate (Scheme 33) [112, 113] . In this case, however, the corresponding p-allyl Ni(II) intermediate could not be isolated in its pure form. Indirect evidence for such intermediate, however, was revealed upon quenching with aqueous HCl and subsequent MeOH treatment, as the corresponding methyl ester possessing a terminal double bond on the side-chain was exclusively observed. Unlike the Walther method, this protocol ended up in the corresponding terminal alkenes, an observation that is tentatively ascribed to the substitution pattern present on the diene backbone. More interestingly, (Z)-dimethyl-3-hexenedioate was found to be within reach via a subsequent CO 2 from the nickelalactone intermediate [113, 114] . MeI 75% Scheme 32 Walther's studies on the Ni-mediated carboxylation of 2,3-dimethyl butadiene [110, 111] Behr and Kanne studied the behavior of trienes bearing both an isolated olefin and a conjugated 1,3-diene moiety under similar conditions, demonstrating that the carboxylation event is selective for 1,3-dienes and that the isolated olefin does not affect the outcome of the reaction [115] . Hoberg showed that an otherwise identical mono-and bis-carboxylation could also be achieved using Fe-complexes [116] . Kinetic studies by Geyer and Schindler using isoprene as model compound highlighted the importance of the ligands employed, suggesting that future catalytic variants should be focused on ligand design [117] . Furthermore, Saito, Yamamoto and coworkers showed that mono-carboxylation of 1,3-unsaturated backbones can be accomplished using enynes and diynes, in which CO 2 insertion occurred at the alkyne terminus and at the less-hindered site [36] .
In 2001, a significant step-forward the development of a catalytic methodology was reported by Takimoto and Mori (Scheme 34) [118] . In this work, the authors described that DBU significantly increased the efficiency of the initial p-allyl Ni(II) complex. Simple protonolysis of such adduct resulted in a mixture of regioisomers, with slight preference for the carboxylation at the benzylic position. Interestingly, while a cis-configured double carboxylation product was obtained upon treatment with CO 2 in the presence of Me 2 Zn, the inclusion of Ph 2 Zn delivered a mixture of trans-configured monocarboxylation products. The rationale behind these results was attributed to a change in mechanism; while the second carboxylation event occurs by a CO 2 insertion into the allyl C(sp 3 )-Ni bond, the presence of Ph 2 Zn triggers a fast transmetalation followed by reductive elimination. Such hypothesis could be corroborated by conducting a reaction with cyclohexadiene as substrate, observing that the double carboxylation with Me 2 Zn gave rise to the trans-product whereas a cis-isomer was obtained upon treatment with Ph 2 Zn.
In 2005, Sato and Mori described the viability of performing a carboxylation of 1,6-and 1,7-enynes mediated by Ni(cod) 2 and DBU (Scheme 35) [119, 120] . Unlike the previous method reported by Mori [118] , conjugation of the two p-components was not required; unfortunately, however, the method was limited to a rather specific class of substrates with a Thorpe-Ingold effect for building up five-and sixmembered rings, in all cases requiring the presence of electron-withdrawing substituents at the olefin backbone. Still, excellent diastereoselectivities were 
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Scheme 33 Hoberg's studies on the Ni-mediated mono-and bis-carboxylation of butadiene [112, 113] Top Curr Chem (Z) (2016) 374: 45 Page 27 of 38 45 observed in all cases analyzed, thus setting the stage for the application of this protocol for natural product synthesis as well as for the design of a catalytic process [121] .
Catalytic Carboxylation of 1,3-dienes
In 1987, Hoberg pioneered the development of a catalytic carboxylation of butadiene using CO 2 at high pressures, resulting in cyclopentane carboxylic acids deriving from a dimerization/carboxylation event (Scheme 36) [122] . Although low turnover numbers were obtained, the molecular complexity achieved in this carboxylation event is certainly noteworthy. The postulated catalytic cycle consisted Scheme 34 Reactivity of 1,3-diene:CO 2 :Ni adducts [118] of an initial dimerization of butadiene followed by CO 2 insertion into the C-Ni bond. The resulting p-allyl Ni(II) species triggered an intramolecular carbometalation en route to a six-membered nickelacycle that likely evolves via b-hydride elimination and a final reductive elimination while recovering back the propagating Ni(0) species. Unfortunately, no details were indicated regarding the stereochemistry of the final carboxylated product.
Shortly after, the group of Tsuda and Saegusa reported their studies on the Nicatalyzed carboxylative cyclization of 1,6-and 1-7-diynes using phosphine ligands at high pressure CO 2 (50 bar) [123, 124] . Unlike the dimerization protocol described by Hoberg, this reaction was proposed to proceed through an initial nickelalactone formation with one of the alkyne terminus followed by carbometalation with the pending alkyne, leading to a seven-membered intermediate that ultimately gives rise to a bicyclic a-pyrone while regenerating the active Ni(0) catalyst. While the mechanistic rationale invoked that CO 2 insertion occurred at the less hindered alkyne, Louie revealed in a subsequent study that the regiochemistry was misassigned and that CO 2 insertion occurs adjacent to the most sterically hindered site, consistent with the preferential formation of a nickelalactone with the most sterically hindered alkyne (Scheme 37) [125, 126] . In contrast to the protocol described by Tsuda and Saegusa, Louie employed N-heterocyclic carbene ligands (NHC), enabling to operate at atmospheric pressure of CO 2 under exceptional mild conditions. In all cases analyzed, good yields and excellent regioselectivities of the corresponding bicyclic a-pyrones were obtained for unsymmetrical diynes, regardless of whether substituents at the tether were present or not. This observation was further corroborated by X-ray crystallographic analysis.
Very recently, the group of Ma has reported the hydrocarboxylation of similar 1,6-or 1,7-diynes compounds giving rise to the corresponding methyl 2,4-alkadienoate esters after treatment with CH 2 N 2 (Scheme 38) [127] . The reaction is remarkably regioselective in the case of diynes containing aliphatic substituents, providing the corresponding (Z,E)-carboxylic acids in high yields. However, mixtures of the two possible (Z,E) and (E,E) isomers were found when using aryl substituents, especially bearing electron-withdrawing groups, with preferential formation of the (Z,E)-product. After gathering some mechanistic insights, the authors explained the formation of the products via an alkyne-directed hydrocarboxylation pathway. First, the Ni(0) active species oxidatively inserts into the more electron-rich alkyne followed by a transmetalation with ZnEt 2 . After b-hydride elimination, the in situ generated Ni-H intermediate inserts into the second alkyne leading to Int (Scheme 38). Finally, C-H bond-forming reductive elimination followed by carboxylation of the organozinc species ultimately affords the corresponding products. Following up on their previous stoichiometric work, Takimoto and Mori disclosed a Ni-catalyzed carboxylative cyclization of bis(1,3-dienes) possessing substituents at the tether with CO 2 and organozinc reagents (Scheme 39) [128] . The reaction was proposed to proceed via initial intramolecular dimerization of two diene moieties, leading to a bis-p-allyl Ni(II) intermediate that rapidly reacts with CO 2 , resulting in a MeOH Scheme 38 Ni-catalyzed regioselective hydrocarboxylation of 1,6 and 1,7-diynes [127] p-allyl carboxylate Ni(II) that was inherently disposed to a transmetalation with organozinc species. A final reductive elimination delivers the zinc carboxylate that ultimately is treated with CH 2 N 2 to afford the final ester motifs. The high diastereoselectivity observed is inevitably linked to the initial cyclization step that is facilitated by the presence of substituents at the tether. Furthermore, the utilization of unsymmetric bis(1,3-dienes) resulted in a CO 2 insertion at the less hindered site. Interestingly, the nature of the organozinc derivative exerted a profound influence on the reaction outcome; while Me 2 Zn and Ar 2 Zn invariably provided good results, competitive b-hydride elimination was found when employing Et 2 Zn.
In 2004, Mori and coworkers expanded the synthetic utility of the carboxylation of bis(1,3-dienes) by designing an enantioselective variant based on a MeO-MOP regime (Scheme 40) [129] . In all cases analyzed, excellent yields and enantioselectivities were Scheme 40 Enantioselective Ni-catalyzed cyclization/carboxylation of bis(1,3-dienes) [129] obtained for a wide range of substrates. Unlike the corresponding racemic version based on PPh 3 (Scheme 39), the authors found that the chiral ligand utilized largely suppressed the parasitic b-hydride elimination when utilizing Et 2 Zn. Interestingly, the reduced product was formed with an otherwise identical degree of enantioinduction, an observation that is in good agreement with the mechanistic rationale highlighted in Scheme 39, thus implying that the pathways leading to both product and reduced species only diverge after the enantiodetermining step has already occurred.
Conclusions and Future Perspective
The seminal stoichiometric studies reported by Hoberg in the early 1980s revealed the unique features of nickelalactones, compounds that derive from an oxidative cyclization of olefins and CO 2 . This seemingly trivial discovery triggered unimaginable consequences in the field of organic synthesis, allowing for designing unconventional carboxylation techniques using CO 2 as coupling partner. Indeed, the recent years have witnessed a meteoric development of Ni-and Fe-catalyzed carboxylation protocols, providing new dogmas for promoting CO 2 insertion into unsaturated hydrocarbons, building blocks of utmost synthetic and industrial relevance. Despite the impressive preparative advances realized, there are ample opportunities in this vibrant research field as daunting challenges still need to be addressed in this area of expertise: (1) the regioselectivity of the corresponding carboxylation event is typically problematic when dealing with intermolecular techniques; (2) the vast majority of catalytic carboxylation events of unsaturated hydrocarbons remain confined to the utilization of well-defined, and air-sensitive stoichiometric organometallic species; (3) catalytic carboxylation techniques of alkenes are still rather substrate-specific, and a general solution to accommodate either styrenes or less activated a-olefins remains rather elusive; (4) the preparation of industrially relevant acrylic acid derivatives from ethylene requires the design of an optimal catalytic protocol capable of operating at high turnover numbers under mild reaction conditions; (5) catalytic enantioselective carboxylation events are scarce. Taking into consideration the impressive knowledge acquired in catalytic endeavors, we are certainly optimistic that many of these challenges will be addressed in the near future, allowing for the implementation of green, efficient, and practical catalytic carboxylation methods that will create new paradigms in retrosynthetic analysis to be utilized in both industrial and academic laboratories. A long-term goal will obviously deal with the opportunity of mimicking nature by designing artificial catalytic photosynthesis in which CO 2 is incorporated into organic matter with visible light.
